Objective. To identify predictors of bone remodelling in children and young adults with SLE.
Introduction
Rheumatic diseases affect the skeletal development of children in a number of important ways. First, as in chronic kidney disease, IBD and sickle cell disease, children with chronic rheumatic illnesses are prone to delayed linear growth and altered skeletal maturation [1] [2] [3] [4] [5] [6] . Secondly, rheumatic diseases are associated with low BMD in children due to complex processes including decreased physical activity and weight-bearing exercise, vitamin D deficiency from poor diet or decreased exposure to sunlight, use of medications such as glucocorticoids that promote bone loss and a pro-inflammatory cytokine milieu that affects bone turnover [7] . As a result, skeletal deficits in children with inflammatory disease include short stature, osteoporosis and increased fracture risk [8] [9] [10] . Understanding the impact of the rheumatic diseases on the growing skeleton may lead to improved prevention and treatment of these manifestations in children.
Childhood SLE is characterized by multi-organ inflammation and the presence of autoantibodies. Recent studies using dual-energy X-ray absorptiometry (DXA) have shown that $40% of children with SLE have osteopenia, as defined by a BMD Z-score between À1 and À2.5 and 20% have osteoporosis, as defined by a BMD Z-score less than À2.5 [11] , making decreased bone density in SLE as common in children as in adults [12] . To date, studies of SLE and bone metabolism in children have identified longer disease duration and higher cumulative CS exposure as correlates of low BMD [11, [13] [14] [15] . Whileand its treatment on the skeleton, it is not known how lupus activity affects bone metabolism during the period of disease flare. Furthermore, the contribution of disease activity to the observed reductions of BMD in childhood SLE is not fully understood.
Bone is a dynamic tissue continuously under the influence of the counter-balancing actions of bone-forming osteoblasts and bone-resorbing osteoclasts. The effects of SLE on bone may thus act via pathways of bone formation, bone degradation or both. In order to evaluate the relationship between bone turnover and inflammatory disease in children and young adults with SLE, we characterized height, skeletal maturation, bone turnover markers, SLE disease activity and bone density in an ethnically diverse cohort of young SLE patients. Our goal was to evaluate the effect of SLE disease activity on bone turnover in this population. Given the known elevation of Type I IFNs in periods of high SLE disease activity [16] [17] [18] and the role of IFN-b in regulation of bone metabolism [19] [20] [21] , we also measured serum Type I IFN levels to determine what relationship, if any, existed between these cytokines and bone turnover markers.
Materials and methods

Study design and subjects
Subjects were enrolled in a prospective cohort study at the University of California, San Francisco (UCSF) Medical Center. Written informed consent was obtained according to the Declaration of Helsinki and local institutional review board requirements. The study was approved by the UCSF Committee on Human Research. To be eligible for the study, subjects must have been between the ages of 7 and 21 years and must have met ACR diagnostic criteria for SLE. Subjects were excluded if they: were taking or had previously taken a bisphosphonate or human growth hormone; had renal insufficiency (creatinine above normal for age); were undergoing haemodialysis for renal failure; or had hyperparathyroidism (PTH > 73 ng/l). Visits occurred between 1999 and 2006.
Clinical evaluation
Subjects underwent yearly assessment. A physical examination was performed at each visit by the principal investigator (E.vS.). Ethnicity, medical history, physical activity and medications were obtained by questionnaire. Medication doses were verified by medical record review. Oral and parenteral glucocorticoid formulations were converted to prednisone equivalents using standard conversion factors [22] . Current glucocorticoid dose was calculated in prednisone equivalents as mg/kg/day. Cumulative glucocorticoid exposure was calculated as mg/kg, where records were available (n = 53). Weight and height were measured in triplicate utilizing a digital scale to the nearest 0.1 kg and a wall-mounted stadiometer to the nearest 0.1 cm, respectively. SLE disease activity was calculated according to the SLEDAI [23] .
Laboratory measures
The following laboratory assays were performed on untimed samples in the UCSF clinical laboratory: complete blood count, complement 3 (C3) level, complement 4 (C4) level, intact PTH level, 25-OH and 1,25-OH 2 vitamin D levels [competitive protein binding radioassay (Esoterix, Calabasas Hills, CA, USA)], anti-dsDNA antibody titre and urinalysis with microscopic exam. Bone formation was assessed by immunoradiometric assay for osteocalcin (ng/ml; Quest Diagnostics, Madison, NJ, USA). Bone resorption was assessed by enzymatic measurement of serum tartrate-resistant acid phosphatase (U/l; TRAP; Quest Diagnostics) and urinary N-terminal telopeptide : creatinine ratio [nM bone collagen equivalents (BCE)/mM creatinine; N-telopeptide (NTx); Quest Diagnostics]. IFN-a 2 was measured in serum samples utilizing a high-sensitivity bead assay (BioPlex, BioRad, Hercules, CA, USA). Singlecytokine ELISA was used to measure IFN-b (Fujirebio Inc., Tokyo, Japan). Assays were performed in duplicate and the results averaged.
Skeletal maturation and bone density assessment
In order to describe the bone health of this population, bone age and bone density were measured. Bone age assessments were made using non-dominant hand radiographs according to the method of Gruelich and Pyle [24] . Skeletal delay or advancement was calculated by subtracting bone age from chronological age. Incident fractures were based on clinical assessments with radiographic confirmation. Posterior-anterior lumbar spine (L1-L4) BMD (g/cm 2 ) was determined by DXA using a Hologic 4500 scanner (Hologic, Inc., Bedford, MA, USA) in the fast array scan mode in the UCSF Department of Radiology. Standard phantoms were used for calibration. All scans were analysed using Hologic Delphi Manual Low-Density spine software. Spine BMD Z-scores for L1-L4 were calculated using chronological age, in comparison with age-, gender-and ethnicity specific reference curves [25] . Height-adjusted BMD Z-scores were estimated using simple arithmetic transformation of the non-adjusted BMD Z-scores, as in [6] . Longitudinal quality control scans were obtained each day when the subjects were scanned, with a minimum of three such scans per week, utilizing Hologic spine phantoms. An air scan was performed once a week to evaluate table top uniformity. The in vitro precision was 0.5%.
Statistical analysis
Descriptive methods were used to evaluate the clinical and laboratory measurements, which are reported as mean (S.D.) or percentiles. Univariate analyses utilized t-tests, one-way ANOVA or Spearman rank correlation coefficients (R), as indicated. General estimation equations were used to control for repeated measures in multivariate models. Explanatory variables were considered for inclusion in the multivariable models if P 4 0.10 in univariate analyses. Backward stepwise methods were utilized to determine final models. To control for coupling between bone formation and resorption in models predictive of osteocalcin or TRAP, we employed two strategies. First, in multivariate models predicting bone formation and resorption, we included the opposite marker in the model. For example, TRAP or NTx was added as an independent variable in models predicting osteocalcin, and osteocalcin was included as an independent variable in models predicting TRAP or NTx. The second strategy to control for the tight coupling between bone formation and resorption was to include ratios of formation and resorption markers as independent variables in the model (osteocalcin : NTx in models predicting TRAP or osteocalcin : TRAP in models predicting NTx) [26, 27] . For all final analyses, P 4 0.05 two-tailed tests were considered to be statistically significant. Statistical analyses were performed utilizing Stata 11 software (StataCorp LP, College Station, TX, USA).
Results
Clinical characteristics of the SLE cohort: an ethnically diverse group with moderately active lupus
The baseline cohort included 90 subjects (13 males, 77 females) ranging in age from 8. Approximately half of the subjects' parents (50.5%) reported physical activity that was much less or less than age-matched peers. Biopsy-proven nephritis was the most common endorgan involvement of SLE, seen in 31 subjects (34%), with diffuse proliferative GN in 12 subjects (13%), mesangial GN in 5 subjects (6%), membranous GN in 4 subjects (4%), focal segmental GN in 1 subject (1%), membranoproliferative GN in 1 subject (1%) and mixed type in 8 subjects (9%). Complement protein C3 was reduced (<71 mg/dl) in 24.2% of subjects, C4 levels were reduced (<13 mg/dl) in 37.2% of subjects, dsDNA antibodies were detectable (>30 IU/ml) in 70.8% of the subjects and ESR was elevated (>15 mm/h in females or >10 mm/h in males) in 51.8% of the subjects (Table 1) . Medications used during study visits included HCQ (84.9%), MMF (1.2%), AZA (1.8%) and prednisone (85.7%). Twenty-seven per cent of patients had used CYC at some point during their lifetime. Levels of serum 25-OH vitamin D were <30 ng/ml in 77.4% of patient visits and were <20 ng/ml in 37.1% of patient visits, making vitamin D deficiency common in the cohort.
Disease activity assessed by SLEDAI was variable [median (range) 4 (0-29)] at the study visits, with active disease present during 46% of visits as defined by SLEDAI 5 6 [28] . Glucocorticoid dose ranged from 0 to 1.9 mg/kg/day (median 0.13 mg/kg/day) prednisone equivalents at the study visits. Across all study visits, 14.3% of subjects were not taking any glucocorticoid at the time of the visit. Among subjects who used glucocorticoids, median cumulative CS dose was 112.1 mg/kg prednisone equivalents (range 8. Skeletal deficits: SLE subjects had reduced height, skeletal maturation and bone density SLE subjects were short when compared with agematched peers. The median height-for-age Z-score was À0.68 (IQR À1.70 to 0.39), with median change in height Z-score/year of À0.08 (IQR À0.15 to 0.04), indicating a progressive height delay compared with age-matched peers. The mean (S.D.) height Z-score was À0.71 (1.32) for ages 8-15 years, À0.77 (1.36) for ages 15-18 years and À0.50 (1.37) for ages 518 years, demonstrating more severe height deficits in younger compared with older age groups. The median growth velocity across all study visits was 0.6 cm/year for girls (IQR 0-2.1) and 1.5 cm/year for boys (IQR 0.8-3.6). The mean (S.D.) difference in growth velocity at each study visit from a 50th-percentile age-and sex-matched normal child (Table 3 and Fig. 1 ). BMD Z-score was not a significant predictor of serum osteocalcin, regardless of adjustment for body size. Thus, adjustment of BMD for body size did not alter its relationship to osteocalcin. As predicted, bone resorption markers were significantly associated with osteocalcin. To explore the negative association between bone formation and prednisone dose, we utilized a multivariate model controlling [30, 31] . The median TRAP level was 3.9 U/l (range 0.31-9.5 U/l), and the median NTx level was 78 nM BCE/mM creatinine (range 1-1114 nM BCE/mM). Univariate analysis revealed that age, height, weight and SLEDAI were significant predictors of TRAP and that age, height, weight, gender and 1,25-OH 2 vitamin D were significant predictors of NTx (Table 3 and Fig. 1 ). BMD Z-score was not significantly correlated with either TRAP or NTx, regardless of adjustment for body size. Thus, adjustment of BMD for body size did not alter its relationship to bone resorption markers. As predicted, there was a significant association between both TRAP and NTx and osteocalcin, reflecting coupling between bone formation and resorption. Prednisone dose was not associated with either bone resorption marker. Multivariate models were used to further explore whether SLE disease activity was a significant predictor of bone resorption. SLEDAI remained a negative predictor of TRAP after controlling for age and osteocalcin (P = 0.04; b-coefficient À0.06; 95% CI À0.11, À0.002; adjusted R 2 = 0.29; instead of height and weight and inclusion of Tanner stage or bone age instead of chronological age did not significantly change these models for TRAP and NTx. Together, these data suggest that SLE disease activity is negatively correlated with bone resorption in a manner that is independent of bone formation and other confounders.
Type I IFNs: TRAP is negatively associated with serum IFN-b
We hypothesized that the negative association between SLE disease activity and bone resorption may be mediated by Type I IFNs (IFN-a and IFN-b) , as these cytokines have been shown to inhibit osteoclast differentiation. To test this hypothesis, we measured Type I IFN levels in serum in our cohort. Consistent with the observation that the majority of patients in the cohort had SLEDAI values <6, the distribution of values for both IFN-a and IFN-b was left-skewed, with the majority of patients having low cytokine levels. The median IFN-a level was 57.7 pg/ml (range 0.01-497.64 pg/ ml), and the median IFN-b level was 2.49 IU/ml (range 2.49-202.25 IU/ml). To test the hypothesis that the effect of SLE disease activity on bone resorption was Type I IFN mediated, we used a multivariate model examining the predictors of bone resorption. In this model, IFN-b was negatively associated with TRAP (P = 0.03; b-coefficient À0.02 U/l/1 IU/ml increase in IFN-b; 95% CI À0.03, À0.002; adjusted R 2 = 0.12) after controlling for age, prednisone dose and osteocalcin : NTx ratio. Similarly, there was a trend towards a negative association between IFN-b and TRAP (P = 0.06; b-coefficient À0.011 U/l/1 IU/ ml increase in IFN-b; 95% CI À0.022, 0; adjusted R 2 = 0.27) after controlling for age, prednisone and osteocalcin. A similar association was not observed between IFN-b and NTx or between IFN-a and either TRAP or NTx.
Discussion
Although there have been several studies characterizing the effect of SLE on skeletal parameters in children and young adults, this is the first report to specifically examine the relationship between SLE disease activity and bone turnover in this population. Such a distinction is important because the effects of SLE treatment and SLE disease activity itself on the developing skeleton may be distinct. For example, while we found evidence of decreased bone formation as a result of SLE treatment (as measured by glucocorticoid dose), we also found an independent association between SLE disease activity and reduced bone resorption in this population. Although it may initially seem counterintuitive to observe serum biomarker evidence of reduced bone resorption among individuals with more active SLE, especially in light of multiple reports indicating decreased BMD in this population [11, 32] , such a result may explain why patients with SLE have less bone loss than expected compared with other rheumatic diseases such as RA [33] . For example, in a comparison of young adults with SLE on high-dose steroids with those with RA on low-dose steroids, patients with SLE had higher bone mass than did RA patients, despite the higher steroid doses in these SLE patients [33] . In keeping with this observation, subjects in our cohort had decreased BMD, though in most cases this was not severe. It is notable that, in contrast to RA, the arthritis of SLE does not produce bony erosions, perhaps reflective of a greater propensity for bone preservation in SLE than in RA. As our study shows that the predominant effect of SLE disease activity on bone metabolism is a decrease in bone resorption, we propose that the low BMD seen in SLE may result primarily from disease treatment (e.g. with CSs) rather than from the underlying disease itself. This idea is supported by reports showing that CS dose is a greater contributor than disease duration to low BMD in childhood SLE [15] as well as in adult SLE [34, 35] . In addition, our data demonstrate a robust negative association between CS dose and serum osteocalcin, suggesting that CSs have a powerful inhibitory effect on bone formation. A significant association between bone turnover markers and BMD was not found in this study, likely reflecting the fact that BMD is a long-term measure of overall bone mineralization, whereas serum bone turnover markers in children are more dynamic measures. Supporting this idea are studies showing a variable association between baseline levels of bone turnover markers and longitudinal changes in BMD in children [36, 37] . The mechanism by which SLE disease activity leads to decreased bone resorption is currently not known. Our data suggest a role for the Type I IFNs, specifically IFN-b, in the effect of SLE on bone turnover in children. The Type I IFNs are elevated in active SLE, leading to altered gene expression in peripheral mononuclear cells [16] [17] [18] . Children receiving exogenous Type I IFNs for treatment of hepatitis B have increased BMD, pointing to a boneprotective effect of these cytokines [38] . Of the Type I IFNs, IFN-b has a particularly important function in regulating bone metabolism. Mice deficient in IFN-b have severe osteopenia resulting from enhanced osteoclastogenesis, resulting from IFN-b's direct inhibition of osteoclastogenesis via inhibition of c-fos [20] . The potential therapeutic benefit of IFN-b has been demonstrated in an animal model of endotoxin-induced inflammatory arthritis, where daily administration of IFN-b inhibited bone resorption [21] . A recent study in humans demonstrated that IFN-b is 100-fold more potent than IFN-a in inhibiting osteoclast development [19] . Our studies did not find a significant association between IFN-a and bone turnover markers in SLE. This may be due to the rapid breakdown of IFN-a in serum, which has made measurement of this molecule in serum samples problematic [39] . Whether IFN-b or other Type I IFNs are essential mediators of decreased bone resorption in childhood SLE remains speculative and should be further explored in future studies.
While our study uniquely examines bone remodelling in a moderately sized and ethnically diverse cohort of children and young adults, several limitations must be considered. First, our study was restricted to the outpatient population, leading to a bias towards less active SLE. Secondly, as our bone turnover and cytokine samples were collected at outpatient clinic visits, we did not control for diurnal variation. Thirdly, the use of bone turnover markers in children is always complicated by growthrelated changes in bone formation and resorption [40, 41] . For this reason, we included age in our multivariate models. Lastly, our measurements of TRAP were not specific to the 5b isoform of this enzyme, which is viewed to be more specific to osteoclasts [42] . Thus, measured TRAP levels in our study may reflect the production of this enzyme by other cells of the myeloid lineage such as macrophages and dendritic cells in addition to that produced by osteoclasts [43] . Despite this limitation, it is reassuring that our observations for TRAP were consistent when applied to urine NTx.
In summary, our study demonstrates an association between increased SLE disease activity and reduced bone resorption in children and young adults. Our results suggest that enhanced bone resorption due to SLE activity itself is not the primary factor driving bone loss in childhood-onset SLE; rather, another factor, such as treatment effects, likely drives this process. If so, minimizing CS exposure may be more important than prevention of disease flares in protecting the skeleton from adverse effects of childhood-onset SLE. Our findings also suggest that bone loss in SLE may differ from that seen in RA and other rheumatic diseases, pointing to the need for a disease-specific approach when examining the nature of bone loss among the rheumatic diseases. Improved understanding of the pathways involved in bone metabolism in childhood-onset inflammatory diseases will ultimately inform the development of improved prevention and treatment strategies for the adverse skeletal outcomes in SLE and related illnesses.
Rheumatology key messages
. Delayed height, increased BMI, delayed bone age and somewhat decreased BMD are consequences of childhood-onset SLE. . Increased lupus activity was associated with decreased bone resorption. . The role of IFN-b as a mediator of bone metabolism in SLE requires further study.
